) showed only 8% stunting, whereas 'Jewel' was not stunted 3 WAA at the same rate and pH. Both cultivars recovered (50% less stunting) from the severe injury observed when sulfentrazone was applied to high pH soils. However, at low pH both cultivars were stunted more at 6 WAA than at 3 WAA. Plant diameter for both cultivars was 25% higher when they were grown in the lower soil pH. (0.7 oz/acre), whereas the GR 50 for EPOST and LPOST stages was 100 g·ha -1 (1.4 oz/acre). Sulfentrazone controlled common groundsel when applied PRE and COT, but at EPOST and LPOST stages sulfentrazone did not provide complete control, although plant height was reduced 80% to 90% compared to untreated plants. Results indicated that common groundsel is controlled in the fi eld with 150 and 300 g·ha -1 (2.1 and 4.3 oz/acre) of sulfentrazone applied before seedling emergence. The least strawberry injury occurred when sulfentrazone was applied immediately after transplanting at 150 and 300 g·ha -1 , although crop tolerance was reduced under conditions of high soil pH (>6.5) and varied with cultivar.
and fl umiclorac 1, 3, 6, and 18 weeks after application (WAA) was similar to that of the registered herbicides terbacil and napropamide, but injury was greater than in hand weeded plots. Plants sprayed with 300 g·ha -1 (4.3 oz/acre) sulfentrazone produced yields similar to terbacil treated plants, but with less plant stunting. Tolerance of newly planted 'Allstar' and 'Jewel' was affected by the interaction of soil pH and sulfentrazone rate. Plant stunting 3 WAA increased with sulfentrazone rate, reaching 68 and 61% in 'Allstar' and 'Jewel', respectively, with the highest rate [400 g·ha -1 (5.7 oz/acre)] and high soil pH (7). 'Allstar' grown in low pH (5) and treated with sulfentrazone (400 g·ha -1 ) showed only 8% stunting, whereas 'Jewel' was not stunted 3 WAA at the same rate and pH. Both cultivars recovered (50% less stunting) from the severe injury observed when sulfentrazone was applied to high pH soils. However, at low pH both cultivars were stunted more at 6 WAA than at 3 WAA. Plant diameter for both cultivars was 25% higher when they were grown in the lower soil pH. Fruit yield was not affected by the sulfentrazone rates evaluated (0 to 400 g·ha -1 ). Sulfentrazone was active at four stages of common groundsel growth: preemergence (PRE), cotyledon (COT), early post (EP-OST) seedlings at the four-leaf stage, and late post (LPOST) seedlings at the10-leaf stage. The calculated 50% growth reduction (GR 50 ) value for PRE and COT stages was 50 g·ha -1 (0.7 oz/acre), whereas the GR 50 for EPOST and LPOST stages was 100 g·ha -1 (1.4 oz/acre). Sulfentrazone controlled common groundsel when applied PRE and COT, but at EPOST and LPOST stages sulfentrazone did not provide complete control, although plant height was reduced 80% to 90% compared to untreated plants. Results indicated that common groundsel is controlled in the fi eld with 150 and 300 g·ha -1 (2.1 and 4.3 oz/acre) of sulfentrazone applied before seedling emergence. The least strawberry injury occurred when sulfentrazone was applied immediately after transplanting at 150 and 300 g·ha -1 , although crop tolerance was reduced under conditions of high soil pH (>6.5) and varied with cultivar. F or strawberry growers using the matted-row production system, weed competition during the fi rst year of plant establishment is a major problem. Uncontrolled growth of weeds during the establishment year can reduce strawberry yield 90% (Pritts and Kelly, 2001) . One month of competition following planting reduced yield 20%, and 2 months of competition reduced yield 65%. Soil fumigants, herbicides, cultivation, and weeding by hand are used by most growers to control annual weeds (Funt et al., 1985) . Methyl bromide is applied on roughly 75% of the strawberry acreage in the U.S. and is especially critical in the raised-bed plasticulture system used on the majority of farms (Poling, 1993) . Fumigants have played a major role in achieving increased yields [U.S. Dept. of Agriculture (USDA), 2001]; however, methyl bromide is to be phased out by 2005, creating a major gap in weed control and pest management (United Nations Environment Programme, 2000) for many growers. Herbicides are applied to only 39% of the strawberry acreage in the U.S. The main products applied are paraquat and napropamide, which are used on 19% and 13% of the total area (respectively), followed by simazine and terbacil, with 6% each (USDA, 2001) .
Common groundsel is one of the most frequent species encountered in strawberries (Clay, 1985 ; United Kingdom Ministry of Agriculture, Fisheries and Food, 1977) . Common groundsel is a prolifi c seeder and is self-pollinated (Haskell, 1953) . Its airborne seeds have an obligate light requirement for germination but otherwise exhibit little seed dormancy. Common groundsel produces multiple life cycles per year, allowing seeds to increase rapidly in the soil seed bank (Cussans, 1966; Nielsen and Pinnerup, 1982) . The open space within and between strawberry rows provides an excellent niche for the establishment of this species. Cultivation, hand hoeing and applications of registered herbicide are only partially effective in controlling common groundsel. Terbacil and simazine (at 150 g·ha -1 ) alone or tank mixed with napropamide [4 kg·ha -1 (3.6 lb/acre)], provided less than 60% control (Figueroa et al., 2002) , although common groundsel is listed as a sensitive species on the label of napropamide. Resistance to terbacil and simazine has been reported in this species (Bouverat-Bernier and Gallotte, 1989; Ferriere, 1986; Mallory-Smith, 1998; Netland et al., 1996; Radosevich and Appleby, 1973; Radosevich and Devilliers, 1976; Ryan, 1970; Vekshin et al., 1978) , and may be a factor in the RESEARCH REPORTS poor control observed with terbacil in our preliminary research.
Several herbicides have recently been identifi ed by the Interregional Research Project 4 (IR4) as potentially useful on strawberry, including sulfentrazone, fl umioxazin, pendimethalin, and metolachlor (USDA, 2003) . This research was conducted to confi rm selectivity of these and additional herbicides on strawberry and their effi cacy on common groundsel. A preliminary experiment carried out during 2000 included the herbicides most commonly used in strawberries in the midwestern U.S.: terbacil and simazine [both at 75 and 150 g·ha -1 (1.1 and 2.1 oz/acre)] alone and tank mixed with napropamide at 4 kg·ha -1 . Other herbicides included those identifi ed through a database search of the literature as those that might have potential for use in strawberries: pendimethalin and metolachlor both at 1.75 and 3.5 kg·ha -1 (1.561 and 3.12 lb/acre), dimethenamid at 1.25 and 2.5 kg·ha -1 (1.115 and 2.23 lb/acre), ethofumesate at 0.9 kg·ha -1 (0.80 lb/acre) and sulfentrazone at 420 g·ha -1 (6.0 oz/acre). These treatments were evaluated visually 3 weeks after application (WAA). Foliar injury was evaluated, using a scale of 0 to 5, in which 0 = no damage, 1 = leaf chlorosis <50%, 2 = leaf chlorosis >50% and petioles twisting, 3 = leaf chlorosis >50% and slight leaf necrosis restricted to the margins, 4 = severe leaf necrosis, and 5 = plant death. Strawberry plant stunting and common groundsel control were also estimated, using a linear scale of 0 to 100, in which 0 = no strawberry stunting or no common groundsel control and 100 = complete stunting and complete control of groundsel. The data were used as a guide to design subsequent trials.
Materials and methods

HERBICIDE
In 2001-02, only three herbicides showing low phytotoxicity in 2000 (<0.5% foliar injury and <12% plant stunting 3 WAA) or acceptable activity on groundsel (>80%) were assessed further: terbacil, napropamide and sulfentrazone. Flumiclorac was also evaluated [33 and 45 g·ha -1 (0.5 and 0.6 oz/acre)] based upon its prioritization by the IR4 as a herbicide with potential utility on strawberry. Crop tolerance was evaluated 1 and 3 WAA by visually estimating the percent plant stunting and chlorosis, where 0 = no visible damage and 100 = death of strawberry plants. Six WAA stolons were counted from the fi ve central plants in each plot and the diameter of the crop canopy was measured as described by Manning and Fennimore (2001) . At 18 WAA crop tolerance was reassessed, by measuring plant height and percent of ground covered by the strawberry canopy. Percent groundsel control was also estimated at this time. In June 2002 and 2003, berries were harvested by hand on three dates from plants in the central 1 m (3.3 ft) of a randomly selected row in each plot. Fully red and ripened fruits were classifi ed as marketable, and partially red or rotten fruits as unmarketable.
All data were subjected to the SAS GLM procedure (SAS Institute, Cary, N.C.) using the repeated measurements statement for multiple evaluations of plant stunting and chlorosis within years. Means were separated by Fisher's protected least square differences (LSD) at P = 0.05 or, when more sensitivity to potential crop damage was needed, at P = 0.1. Percentage data were arcsine transformed when analysis of variance (ANOVA) assumptions were not fulfi lled. Only non-transformed values are presented. Data were combined across years if no year effect or treatment by year interactions occurred.
EFFECT OF SOIL PH ON STRAW-BERRY TOLERANCE TO SULFENTRAZONE.
Preliminary experiments conducted by the authors indicated that strawberry tolerated sulfentrazone. However, Grey et al. (1997 Grey et al. ( , 2000 reported greater phytotoxicity, water solubility and mobility of sulfentrazone in soils with pH > 6.5, and increased availability for uptake by plants. Our preliminary experiments were conducted in soils with pH ranging from 5. (0, 1.4, 2.9, and 5.7 oz/acre), one WAP. All plots were hand weeded every other week. Irrigation was provided through central pivots, as needed during the summer. Methods previously described were used for estimating percent stunting and chlorosis, number of stolons, plant height and diameter (3 and 6 WAA) and fruit harvest.
ANOVA of data was carried out using SAS GLM procedures testing for signifi cance of main effect and interactions. Because it was not possible to randomly replicate the pH effect, inferences to pH are limited. When significant differences occurred orthogonal contrasts were used for mean separation at the 5% signifi cance level. SULFENTRAZONE DOSE RESPONSE. A greenhouse experiment was performed to determine the response of common groundsel at various growth stages to a range of sulfentrazone rates. On 17 Apr. 2003, common groundsel was seeded in 110-mm (4.3 inches) plastic pots containing a Pro-Mix BX (Premier Horticulture Inc., Red Hill, Pa.) that consisted of: Canadian sphagnum peat moss (75% to 85% volume), perlite, vermiculite, dolomitic and calcitic limestone and a wetting agent. Seeded pots were placed in a greenhouse mist room [25 ± 1 °C (77.0 ± 1.8 °F)] set to mist every 10 min for 10 s intervals. Plants were fertilized once a week with 200 mg·L -1 (ppm) of a 20N-8.7P-16.6K solution. Seeds were planted 4 times, 10 d apart, to achieve four common groundsel seedling stages at herbicide application: PRE (preemergence), COT (cotyledon stage), EPOST (early post, seedlings with four fully expanded leaves) and LPOST (late post, seedlings with 10 fully expanded leaves). After 1 week in the mist room, plants were moved outdoors to benches under direct sun light to promote plant hardening and leaf cuticle development. The shortest interval between moving seedlings outside and herbicide application was 1 week for plants at COT.
A split plot design was used, with groundsel seedling stages as the main plot and sulfentrazone rate [0, 25, 50, 100, 200 , and 400 g·ha -1 (0, 0.4, 0.7, 1.4, 2.9, and 5.7 oz/acre)] as the subplot. Four replications were used. All groundsel seedling stages were sprayed at the same time. A compressed-air laboratory sprayer equipped with TJ-8002VS fl at fan nozzles (Spraying Systems Co.) calibrated to deliver 187 L·ha -1 at a pressure of 276 kPa was used. Groundsel response to sulfentrazone was estimated by measuring plant height 3 WAA. The entire experiment was repeated.
ANOVA was conducted using SAS GLM procedure, including analysis of interactions between main factors (groundsel seedling stages, sulfentrazone rates and experiment replication).
Seedling height 3 WAA of all sulfentrazone treated groundsel plants was converted to percent of the untreated control. Each groundsel seedling stage was regressed on sulfentrazone rate using the SAS NLIN procedure. This procedure produced the parameters needed to fi t a log-logistic function (Seedfeldt et al., 1995) and obtain the rate-response curves defi ned by the equation:
where C = the mean response of the highest dose; D = mean response of the untreated; b = slope; x = sulfentrazone rate; and GR 50 = 50% growth reduction. ), ethofumesate, and sulfentrazone. However, with the exception of ethofumesate and metolachlor at 3.5 kg·ha -1 , plants in these plots were not injured as much as those in plots treated with pendimethalin.
Results and discussion
Every herbicide treatment provided some control of common groundsel (Table 1) . Treatments containing napropamide, the only herbicide recommended for control of the species, provided 38% to 70% control 3 WAA. Treatments of terbacil tank-mixed with napropamide were not better than terbacil alone. Napropamide did improve common groundsel control when used in combination with simazine at 75 g·ha -1 compared to this rate of simazine alone. Pendimethalin and dimethenamid controlled 63% and 76% of common groundsel at the highest rates applied, 3.5 and 2.5 kg·ha -1 , respectively. Common groundsel control increased from 43% to 78% when the rate of metolachlor was increased from 1.75 to 3.5 kg·ha -1 . The best common groundsel control (100%) was achieved only in plots sprayed with sulfentrazone at 420 g·ha -1 . Because sulfentrazone provided excellent control of common groundsel and caused minimal crop stunting 3 WAA (<12%) with rapid recovery, it was selected as the most promising treatment for subsequent trials. Fruits were not harvested from this study because a late season storm caused severe soil erosion that created gullies running through the plots.
Strawberry and common groundsel response to herbicides tested in 2001 and in 2002 did not differ between years; therefore, data presented are the average values after combining both growing seasons (Table 2) . One WAA, chlorosis was observed on strawberry plants treated with herbicides; however, this was only signifi cant in plots treated with terbacil at 150 g·ha -1 and terbacil 300 g·ha -1 tank-mixed with napropamide. Chlorosis in herbicide treated plots declined rapidly and by 3 WAA was no longer signifi cant (data not reported). Stunting of herbicide treated strawberry plants was readily apparent 1 WAA, ranging from 13% with sulfentrazone at 150 g·ha -1 and with terbacil tank-mixed with napropamide (150 g·ha -1 + 4 kg·ha -1
) to 34% with terbacil applied alone at 300 g·ha -1 . Plants treated with terbacil at 150 g·ha -1 remained severely stunted 3 WAA. These data suggest a safening effect when napropamide was tank-mixed with terbacil. We have also observed this effect in other studies (Figueroa, 2003) . The high rate of sulfentrazone stunted strawberry plants at 1 and 3 WAA, but by 6 WAA stunting was no longer detected for this, or any other treatment, except for fl umiclorac. Similarly, Manning and Fennimore (2001) concluded that sulfentrazone [280 g . ha -1 (4.0 oz/acre)] was safe for use immediately after transplanting newly established 'Selva' and 'Camarosa' strawberries. Flumiclorac severely stunted strawberry plants at both rates and stunting persisted beyond 3 WAA.
Strawberry stolons, plant diameter, height, and canopy cover measured at 6 and 18 WAA were not affected by herbicide treatments (data not reported). Failure to determine signifi cant differences within these parameters at 6 WAA suggests that visual estimation of stunting was a more sensitive and reliable indicator of persistent crop injury. Strawberry growth was greatest in plots sprayed with terbacil plus napropamide (300 g·ha -1 + 4 kg·ha -1 ) and lowest in plots sprayed with terbacil alone (150 g·ha -1 ). Fruit yield was signifi cantly reduced in plots treated with terbacil at 150 g·ha -1 compared to yield in plots treated with the tank-mix of terbacil plus napropamide (300 + 4 kg·ha , fruit yield and quality in herbicide-treated plots was similar to the untreated control.
Few weeds occurred in trials established in 2001 and 2002 during spring and summer of the fi rst year because the fi elds had been fumigated with methyl bromide the fall prior to planting. Thus, observations on common groundsel control were delayed until late in the growing season (18 WAA), by which time seedlings had emerged in the plots. Sulfentrazone at 150 and 300 g·ha -1 , and terbacil at 150 and 300 g·ha -1 tank-mixed with napropamide at 4 kg·ha -1 produced high levels of common groundsel control (80% or greater), statistically equivalent to control in hand-weeded plots (Fig. 1) . Terbacil at 150 g·ha -1 and fl umiclorac at 30 and 50 g·ha -1 (0.4 and 0.7 oz/acre) provided 50% to 60% control. SOIL PH EFFECTS. Strawberry tolerance to sulfentrazone applied immediately after planting was affected by soil pH, cultivar, and rate of sulfentrazone used. ANOVA only indicated interaction between soil pH and rate of sulfentrazone used. Data are presented in Table 3 comparing the effect of sulfentrazone in strawberry plant stunting across soil pH levels. Strawberry plants were stunted more at soil pH 7 than at pH 5. 'Jewel' was relatively less sensitive to sulfentrazone, showing plant stunting at soil pH 5 only at the highest rate (400 g·ha -1 ) 6 WAA. Visual estimates of stunting indicated that 'Jewel' tolerance 3 WAA was reduced at soil pH 7; however, the cultivar recovered 6 WAA except for those plots treated with sulfentrazone at 400 g·ha -1 . 'Allstar' was more sensitive to sulfentrazone than was 'Jewel' and recovered more slowly. At soil pH x LSD = least significant difference; P = 0.1 was used to reduce risk of type II error and to make analysis more sensitive to potential damage.
5, only 8% stunting was observed 3 WAA with 400 g·ha , and by 6 WAA stunting was obvious for all rates of the herbicide. 'Allstar' was severely stunted by sulfentrazone at soil pH 7, 3 WAA. Six WAA some recovery had occurred but stunting was still apparent at 200 and 400 g·ha -1 . Fruit yield was not affected (P = 0.2194) by sulfentrazone at the rates tested (100 and 400 g·ha -1 ). These results are consistent with those of Wehtje et al. (1997) and Grichar et al. (2003) who reported improved control of nutsedge (Cyperus spp.) with sulfentrazone when soil pH was greater than 6.6. Improvements in weed control and greater crop sensitivity may both be attributed to increased sulfentrazone availability in soil solution for plants absorption at soil pH > 6.6 .
Strawberry plant growth in diameter was not sensitive to differential stunting caused by sulfentrazone rate and soil pH. Plant diameter did not vary within a cultivar across rates of sulfentrazone at 3 or 6 WAA. However, measurement of this variable at 6 WAA illustrated the greater plant size achieved by 'Jewel' compared to 'Allstar' and the enhanced growth of both cultivars at pH 5 compared to pH 7 (data not shown). These data suggest that visual estimates provide a better integration of the variables involved in the strawberry plant's response to sulfentrazone than do the individual quantitative measures of plant growth used in this study.
SULFENTRAZONE DOSE RESPONSE. Common groundsel seedling growth stage at the time of sulfentrazone application infl uenced subsequent plant growth (Fig. 2) . Common groundsel was very sensitive at the PRE and COT stages of growth. Later stages of growth were less sensitive, with LPOST seedlings being slightly more sensitive than EPOST. Common groundsel was completely controlled when sulfentrazone was applied PRE at 25 g·ha -1 , and at 50 g·ha -1 to seedlings at the COT stage. Seedlings sprayed with sulfentrazone at EPOST and LPOST responded in a curvilinear fashion to rates between 0 and 200 g·ha -1
. At 400 g·ha -1 EPOST and LPOST seedlings did not die, but achieved only 20% of the height of untreated plants. These data indicate that sulfentrazone applications should be timed to coincide with groundsel emergence to achieve optimum control. Strawberry growers in Ohio who have used this herbicide under a Section18 registration have confirmed this observation. Later applications of sulfentrazone corresponding with the EPOST and LPOST timings used in this study are unlikely to provide complete control, but will likely minimize common groundsel growth and reproduction.
Our results showed that common groundsel was readily controlled in the fi eld with applications of sulfentrazone at 150 and 300 g·ha -1 applied in advance of seedling emergence. Lower rates of the herbicide, 25 and 50 g·ha -1 , respectively, controlled groundsel growing in pots when applied at PRE and at COT stages of growth and may prove effective in future research under fi eld conditions. Later stages of common groundsel seedling growth, EPOST (four-leaf stage) and LPOST (10-leaf stage), were severely injured and subsequent growth suppressed when sulfentrazone was applied to potted plants at 100 to 400 g·ha -1 . This Herbicide rate (kg·ha -1 ) Weed control (% of untreated)
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result is in agreement with growers who have observed less than complete control when sulfrentrazone was applied to strawberry in late fall, after common groundsel seedling establishment. Strawberry tolerance of sulfentrazone applied immediately after transplanting at 150 and 300 g·ha -1 was comparable to that with terbacil, a standard herbicide used for many years. However, we found that tolerance was reduced under conditions of high soil pH (>6.5) and varied with cultivar. Herbicide rate (kg·ha -1 ) Groundsel height (% of untreated)
